Abstract: Aging is one of the strongest risk factors for Parkinson's disease (PD). SIRT2 has been implicated in the aging process. It is pertinent to investigate the role of SIRT2 in agingrelated dopaminergic neurotoxicity and to develop effective therapeutic strategies for PD through the use of aging animals. In this study, we observed that rotenone induced significant behavior abnormality and striatal dopamine depletion in aging rats, while it did not do so in young rats. No significant change in striatal serotonin level was observed in the aging rats after rotenone administration. There was also aging-related rotenone-induced increase in substantia nigra (SN) SIRT2 expression in the rats. In addition, there was aging-related rotenone-induced SN malondialdehyde (MDA) increase and glutathione (GSH) decrease in the rats. No significant changes in cerebellar SIRT2, MDA, or GSH levels were observed in the aging rats after rotenone administration. Striatal dopamine content was significantly inversely correlated with SN SIRT2 expression in the rats. AK-7 significantly diminished striatal dopamine depletion and improved behavior abnormality in the rotenone-treated aging rats. Furthermore, AK-7 significantly decreased MDA content and increased GSH content in the SN of rotenone-treated aging rats. Finally, the effect of AK-7 on dopaminergic neurons and redox imbalance was supported by the results from primary mesencephalic cultures. Our study helps to elucidate the mechanism for the participation of aging in PD and suggests that SN SIRT2 may be involved in PD neurodegeneration, that AK-7 may be neuroprotective in PD, and that maintaining redox balance may be one of the mechanisms underlying neuroprotection by AK-7.
Introduction
Parkinson's disease (PD) is a common and progressive neurodegenerative disease that is characterized by motor dysfunction due to decreased dopamine (DA) content in the striatum, resulting from dopaminergic neurodegeneration in the substantia nigra (SN). [1] [2] [3] Accumulating evidence indicates that the cause of PD is multifactorial, involving genetic predisposition, innate characteristics of the nigrostriatal dopaminergic system in the brain, exposure of environmental toxins and immune/inflammatory factors, and aging. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Aging appears to be one of the prominent and unifying risk factors for idiopathic PD. [13] [14] [15] [16] Epidemiological studies reveal that the incidence and prevalence of PD increase with advancing age, occurring in approximately 1% of people over age 65. With the development of molecular biology and further understanding of PD, increasing importance is being attached to the search for aging-related molecules involved in PD neurodegeneration and to develop effective therapeutic strategies for PD through the use of aging animals.
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Among the various environmental factors suspected to play a role in the etiopathogenesis of PD, agrochemical exposure has been most intensely investigated in recent years. 1, [17] [18] [19] [20] [21] [22] [23] [24] The discovery of the neurotoxin rotenone has provided a valuable tool into PD research. [17] [18] [19] [20] [21] [22] [23] [24] Rotenone exposure has been observed to induce parkinsonism in rodents. [17] [18] [19] [20] [21] At present, rotenone is widely being employed to create in vitro and in vivo models of PD in rodents. 1, [17] [18] [19] [20] [21] [22] [23] [24] Rotenone was also found to induce aging-related SN dopaminergic neurodegeneration in rats. 22 However, little is known about the effect of rotenone administration on striatal DA content and motor behavior in aging animals. In the present study, rotenone was observed to induce significant behavior abnormality and striatal DA depletion in aging rats, while it did not do so in young rats. SIRT2, a mammalian sirtuin, is a cytoplasmic NAD + -dependent deacetylase. 25 It is mainly expressed in the brain. 25, 26 SIRT2 is an abundant neuronal protein that accumulates in the aging central nervous system (CNS) and is indicated to be associated with the aging process. 25, [27] [28] [29] [30] Interestingly, in the present study, we observed that there was aging-related rotenone-induced increase in SIRT2 expression in the SN of rats. Furthermore, striatal DA content was significantly correlated with SN SIRT2 expression in the rats. Importantly, we investigated the role of SN SIRT2 in aging-related rotenone-induced behavior abnormality and striatal DA depletion, and the potential neuroprotection and its underlying mechanism of SIRT2 modulation in PD. Because it is not easy to obtain aging animals, young animals are often used in PD research. However, PD is an aging-related neurodegenerative disease. Aging is one of the strongest risk factors for idiopathic PD. [13] [14] [15] So, aging animals are more significant for PD research than are young ones. Therefore, aging rats were employed in our study.
Materials and methods animals and treatment
All animals were from Sino-British SIPPR/BK Lab Animal LTD (Shanghai, People's Republic of China). Male SpragueDawley rats of two different age groups were used in the present study: a young group (3 months of age) and an aging group (18 months of age). Rotenone, emulsified in sunflower oil at 0.5 mg/mL, was given intraperitoneally, at 1 mL/kg once a day for 35 days, to the rats. At the first and eighth day of rotenone treatment, some aging rats received the selective SIRT2 inhibitor AK-7 (3-(1-azepanylsulfonyl)-N-(3-bromophenyl)benzamide) by intranigral injection on both sides (1 µg/day/side or 5 µg/day/side). Before rotenone treatment, the rats were anesthetized with ketamine and xylazine (60 mg/kg and 3 mg/kg, respectively, by intramuscular injection) and positioned in a stereotaxic apparatus. Then, AK-7 (2 µg or 10 µg) dissolved in dimethyl sulfoxide (DMSO) (4 µL) or vehicle (4 µL of DMSO) was injected into the SN at a flow rate of 1 µL/min, using a 10 µL Hamilton microsyringe, with 2 µL of volume for intranigral injection of each side. The following coordinates were used: -5.4 mm anterior-posterior; ±2.1 mm medial-lateral; and -7.8 mm dorsal-ventral. The needle was left in place for 5 minutes, to avoid reflux along the injection track, prior to being withdrawn. All experiments were conducted according to the Guideline for Animal Experimentation of Shanghai Jiao Tong University School of Medicine and the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH]) (publication number 85-23, revised 1996). All attempts were made to minimize the number of animals used and their suffering.
Behavior tests
Rotarod and open-field tests were performed to evaluate rat behavior during the light period. The following three parts were required for the rotarod test: (1) a roller; (2) a power source used to turn the roller; and (3) four separators dividing the roller into equal-sized compartments. Animals were placed on the rod and sequentially tested at 5, 10, 15 rpm. After being trained, the rats were tested three times at each rotarod speed. The latency time to fall was measured for each test. For locomotor activity, each rat was placed in an open-field chamber made of wood covered with impermeable formica. The chamber had a white floor (100×100 cm) divided into 25 squares of 20×20 cm, and 50 cm-high walls. Before testing, each rat was placed in the center of the open field and habituated for 10 minutes. Rat behavior was recorded for 30 minutes. The following parameters were determined: (1) crossing number, defined as entering of another square with all four paws; and (2) rearing number, defined as rearing with and without wall contact (standing only on hind legs).
neurochemical analysis
Biochemical analysis of neurotransmitter in the rat striata was performed using high-performance liquid chromatography (HPLC) with electrochemical detection (ECD) (HPLC-ECD). 31 Rat striata were removed, held on ice, and weighed. Then striata were homogenized (10% wt/vol) through sonication, in ice-cold homogenization buffer containing perchloric acid (0.1 mol/L) with 3,4-dihydroxybenzylamine as internal standard. Obtained samples were centrifuged at 25,000 g Drug Design, Development and Therapy 2015:9 submit your manuscript | www.dovepress.com
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Role of SIRT2 and AK-7 in Parkinson's disease for 10 minutes at 4°C, and supernatants were collected. DA and serotonin (5-HT) content were assayed by HPLC-ECD, equipped with a column of 5 µm spherical C18 particles. The mobile phase consisted of 0.1 M phosphate buffer (pH 2.6) containing 0.2 mM octane sulfonic acid, 2.5% methanol, and 4.5% acetonitrile. The content of each neurotransmitter was expressed as ng/g equivalent striatal tissue.
Western blotting
Western blotting was performed to evaluate SIRT2 expression, as previously described. 8 The SN and cerebellum tissue were homogenized on ice. After centrifugation, the supernatant protein content was assayed using a commercially available protein assay kit (BioRad Laboratories, Hercules, CA, USA). Sample proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis. After being blocked for 1 hour with blocking solution, membranes were incubated overnight at 4°C with rabbit polyclonal SIRT2 antibody (1:200) (Santa Cruz Biotechnology, Dallas, TX, USA). Subsequently, the membranes were washed and incubated with horseradish peroxidase-conjugated secondary antibodies for 1 hour at room temperature. The signals were finally detected using an enhanced chemiluminescence (ECL) assay kit (EMD Millipore, Billerica, MA, USA). Results were expressed as densitometric relative units, representing the ratio of density of the target protein to β-actin.
Primary mesencephalic neuron/glia cultures
Primary rat ventral mesencephalic neuron/glia cultures were prepared, as previously described. 24 Briefly, ventral mesencephalic tissues were dissected from Sprague-Dawley rats (embryonic day 14) and dissociated with a mild mechanical trituration. Depending on the experimental design, dissociated cells were seeded at 5×10 5 , 2.5×10 5 , or 1×10 5 /well in poly-D-lysine-coated 24-, 48-, and 96-well cell culture plates, respectively. The culture medium was minimum essential medium (MEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 10% heat-inactivated horse serum (HS), 2 mM L-glutamine, 1 g/L glucose, 100 µM nonessential amino acids, 1 mM sodium pyruvate, 50 U/mL penicillin, and 50 µg/mL streptomycin. Cultures were kept at 37°C in a humidified atmosphere of 5% CO 2 and 95% air. For treatment, the cultures were kept in treatment medium (MEM containing 2% FBS, 2% HS, 1 mM sodium pyruvate, 2 mM L-glutamine, 50 U/mL penicillin, and 50 µg/mL streptomycin).
immunostaining and cell counting
The cell cultures were processed for immunostaining detection, as previously described. 24 After being blocked, they were incubated with the primary antibody, anti-tyrosine hydroxylase (TH, 1:1000) (Sigma-Aldrich Corp, St Louis, MO, USA), at 4°C overnight. Then, they were detected using a secondary antibody (Molecular Probes; Life Technologies Corp, Carlsbad, CA) for 1.5 hours at room temperature. Cell counting was performed in duplicate and blindly. Ten representative areas per well were used for cell quantification.
Assay of malondialdehyde (MDA) and glutathione (GSH) and superoxide
The level of MDA and GSH was determined by using a commercial assay kit (Cayman Chemical Co, Ann Arbor, MI, USA). The operation followed the manufacturer's protocol. The MDA and GSH content was determined in comparison with the standards and normalized to protein content. Superoxide production was determined by measuring the SOD-inhibitable reduction of cytochrome c, as previously described. 24 
Determination of protein concentration
Protein content in the brain homogenate was measured by using the dye-binding method described by Bradford wherein bovine serum albumin (BSA) was used as a protein standard. 32 
statistical analysis
Data were expressed as the mean ± standard error of the mean (SEM). Differences were determined using twotailed Student's t-test for comparison between two groups and using an analysis of variance (ANOVA) and Bonferroni post hoc test for comparison between more than two groups. Normality of sample distribution and homogeneity of variances were tested before each ANOVA. When correlation analysis was performed, the Pearson's value was reported. Values of P,0.05 were accepted as statistically significant.
Results
General assessment of animal health
In the present study, none of the rats developed morbid health necessitating special treatment throughout the experimental period, and the survival rate was 100% in both the young and aging rats after rotenone treatment. As shown in Figure 1A , there was no significant difference in body weight between the Drug Design, Development and Therapy 2015:9 submit your manuscript | www.dovepress.com
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Wang et al young rats treated with vehicle (young-vehicle) and rotenone (young-rotenone) before treatment. Also, there was no significant difference in body weight between the aging rats treated with vehicle (aging-vehicle) and rotenone (aging-rotenone) before treatment ( Figure 1A ). In addition, no significant change in body weight was observed in the young-rotenone rats after rotenone treatment compared with the young-vehicle rats ( Figure 1B) . However, significant decrease in body weight was detected in the aging-rotenone rats after rotenone treatment compared with the aging-vehicle rats ( Figure 1B ) (P,0.01).
aging-related rotenone-induced behavior abnormality and striatal Da depletion in rats
Rotarod and open-field tests were performed to evaluate the effect of rotenone treatment on motor behavior in the rats. As shown in Figure 2 , rotenone did not induce significant behavior change in the young rats compared with the vehicletreated rats. However, significant decreases in latency time 
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Role of SIRT2 and AK-7 in Parkinson's disease [rearing number]) were observed in the aging rats after rotenone treatment in comparison with the vehicle-treated rats ( Figure 2 ). In agreement with behavior tests, rotenone did not cause significant striatal DA depletion in the young rats compared with the vehicle-treated rats ( Figure 3A) . However, significant decrease in striatal DA content was observed in the aging rats after rotenone treatment in comparison with the vehicle-treated rats ( Figure 3A) (P,0.005). Although rotenone significantly decreased striatal DA content in the aging rats compared with the rats treated with vehicle, no significant change in striatal 5-HT level was observed in the aging rats after rotenone administration in comparison with the vehicle-treated rats ( Figure 3B ).
aging-related rotenone-induced sirT2 expression increase in the SN of rats Western blotting was conducted to evaluate the effect of rotenone treatment on SIRT2 expression in the SN of rats. As shown in Figure 4A and C, rotenone did not significantly induce SIRT2 expression change in the SN of young rats compared with the vehicle-treated rats. However, significant increase in SN SIRT2 expression was observed in the aging rats after rotenone treatment in comparison with the vehicletreated rats ( Figure 4B and C) (P,0.005). In our preliminary study, rotenone (0.1 mg/kg) did not induce significant SIRT2 expression increase in the SN of aging rats in comparison with the rats treated with vehicle. Correlation analysis indicated that there was significant positive correlation between SN SIRT2 protein expression and the dosage of rotenone in the aging rats (R=0.8012, P,0.005). Although rotenone significantly increased SN SIRT2 expression in the aging rats compared with the rats treated with vehicle, no significant change in cerebellar SIRT2 expression was observed in the aging rats after rotenone administration in comparison with the vehicle-treated rats ( Figure 5A and B) .
aging-related rotenone-induced MDa increase and gsh decrease in the sn of rats
We further investigated the effect of rotenone treatment on MDA and GSH content in the SN of rats. As shown in Figure 6A , rotenone did not significantly induce MDA content change in the SN of young rats compared with the vehicle-treated rats. However, significant increase in SN MDA content was observed in the aging rats after rotenone treatment in comparison with the vehicle-treated rats ( Figure 6A ) (P,0.005). In addition, rotenone did not significantly induce GSH content change in the SN of young rats compared with the vehicle-treated rats. However, significant decrease in SN GSH content was observed in the aging rats after rotenone treatment in comparison with the 
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Wang et al vehicle-treated rats ( Figure 6B ) (P,0.01). Although rotenone significantly changed SN MDA and GSH content in the aging rats compared with the vehicle-treated rats, no significant change in cerebellar MDA and GSH content was observed in the aging rats after rotenone administration in comparison with the vehicle-treated rats ( Figure 5C ).
Role of SN SIRT2 and redox imbalance in aging-related rotenone-induced behavior abnormality and striatal Da depletion: neuroprotection by aK-7
Correlation analysis indicated that there was significant inverse correlation between striatal DA content and SN SIRT2 protein expression in the rats (R=-0.91843, P,0.005). AK-7 is a cell-and brain-permeable, selective SIRT2 inhibitor. So, AK-7 was used to further investigate the role of SIRT2 in aging-related rotenone-induced behavior abnormality and striatal DA depletion. As shown in Figure 7 , although intranigral injection of AK-7 did not significantly change behavior abnormality in the aging rats treated with rotenone compared with the vehicle-treated rats at the dose of 1 µg/day/side, it significantly improved behavior abnormality in the rotenone-treated aging rats at 5 µg/day/side (P,0. with neurotoxins, including rotenone. 6, 12, 24 So, based on our in vivo results, we further investigated the effect of AK-7 administration on superoxide and GSH in mesencephalic cultures. As shown in Figure 10C , significant superoxide production decrease (P,0.005) and GSH content increase (P,0.005) were observed in mesencephalic cultures cotreated with rotenone and AK-7 in comparison with the rotenonetreated cultures.
Discussion
Aging is one of the strongest risk factors for idiopathic PD. [13] [14] [15] PD is rarely seen before 50 years of age. The incidence and prevalence of PD increase with aging. Elderly people manifest the pathological features of PD, such as Lewy bodies, striatal DA decrease, and motor signs characteristic of PD. Phinney et al reported that rotenone (1.5 mg/kg/day) treatment for 28 days did not cause significant change in the number of dopaminergic neurons in the SN of young rats; however, significant loss of SN dopaminergic neurons was observed in mature rats exposed to this same dose of rotenone. 22 In the present study, we observed that rotenone treatment did not induce significant changes in striatal DA content and motor behavior in the young rats. However, significant striatal DA depletion and behavior abnormality were observed in the aging rats exposed to this same dose of rotenone. Our data presented here support and extend previous findings showing that rotenone exhibits its neurodegenerative effect in an agedependent manner. 22 In addition, striatal 5-HT content was not significantly affected after rotenone treatment, showing the selectivity of rotenone neurotoxicity. It is worth noting that the dosage applied in the work is lower than in regular treatments. However, experiment results are also determined by other factors, including age of animals and treatment period. So, it is particularly important to develop a suitable animal model for PD research. The degree of body weight loss in the aging rats treated with rotenone may suggest that aging also enhances the sensitivity of peripheral cells to rotenone. However, none of the rats developed obvious health problems in the present study. So, the toxic threshold for rotenone may be higher in the periphery than in the CNS. 22, 33 Weight loss may be, at least partially, associated with reduced DA function. 22, 33 In our study, pulsatile treatment of rotenone was used because it may be more similar to the exposure in normal life than other administrations of rotenone. 20 The sirtuins are a family of NAD + -dependent enzymes with homology to the yeast SIR2 protein. 34, 35 Increasing evidences indicate that sirtuins are involved in the regulation of a variety of biological activities, including chromosomal stability, transcriptional silencing, cell cycle progression, apoptosis, metabolism, autophagy, growth suppression, stress response, inflammation, and tumorigenesis. 28, [34] [35] [36] [37] Recent work has implicated the role of sirtuins in the aging process and aging-related neurodegenerative diseases. 25, [38] [39] [40] [41] In mammals, there are seven known sirtuins, SIRT 1-7. 35 Among these seven sirtuins, SIRT2 is prominently expressed in the brain. 25, 38, 39 SIRT2 expression was observed strongest in the brain, including the postnatal hippocampus. 42, 43 SIRT2 is 
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Role of SIRT2 and AK-7 in Parkinson's disease rather uniformly expressed in all neurites and their growth cones in neurons. 43 In neurons and oligodendrocytes, SIRT2 is confined to the cytoplasm and not the nucleus of these postmitotic cells. [42] [43] [44] [45] Outeiro et al reported that decreasing SIRT2 activity with small-molecule inhibitors, or decreasing its expression by RNA interference, ameliorated α-synucleininduced toxicity in three different models (in vitro and in vivo): transfected human H4 neuroglioma cells with expression of wild-type α-synuclein; transfected rat midbrain primary neurons expressing a variant of α-synuclein that manifests enhanced proteotoxicity; and a Drosophila model of PD. 46 The degree of rescue from α-synuclein toxicity in H4 cells was comparable with that detected when Hsp70 is overexpressed. Hsp70 plays important roles in protein folding and monitors aggregation. Data from the latter two models are particularly exciting because they show decreased neuronal loss in response to reduced SIRT2 activity. Recent studies identify SIRT2 inhibition as a promising avenue for Huntington's disease therapy. [47] [48] [49] In addition, SIRT2 overexpression was shown to reduce the survival of healthy neurons. 50 However, the relationship of SIRT2 with PD neurodegeneration has remained unknown. Here, our results showed that there was an aging-related rotenone-induced SIRT2 expression increase in the SN of rats. SN SIRT2 protein expression was significantly positively correlated with the dosage of rotenone in the aging rats. Striatal DA content was significantly correlated with SN SIRT2 expression in the rats. It is worth noting that no significant change in cerebellar SIRT2 expression was observed in the aging rats after rotenone administration, being in best agreement with the distribution of the PD injury region, which suggests regional selectivity of the aging-related rotenone-induced change in SIRT2 expression. These results strongly indicate that there may be increased SN SIRT2 expression that is involved in PD dopaminergic neurodegeneration.
AK-7 is a selective SIRT2 inhibitor with cell and brain permeability. 48 It ameliorates neuronal cell death induced by mutant huntingtin fragments. AK-7 administration was shown to result in reduced brain atrophy, extended survival, and improved motor function in two genetic mouse models of Huntington's disease. 49 So, AK-7 is a good chemical probe to study the roles of SIRT2 in metabolic diseases, cancer, aging-related disorders, and neurodegenerative diseases. Here, by using AK-7, we showed that selective SIRT2 inhibition significantly diminished striatal DA depletion and improved behavior abnormality in the rotenone-treated aging rats. In addition, AK-7's dopaminergic neuroprotection in PD was further supported by the results from immunostaining in primary mesencephalic cultures. Our results suggest the role of SN SIRT2 in aging-related rotenone-induced behavior abnormality and striatal DA depletion, and the potential dopaminergic neuroprotection of AK-7 in PD.
Oxidative stress is increasingly prominent in the process of aging and neuronal cell damage. [51] [52] [53] [54] Redox imbalance may play a key role in many neurodegenerative diseases. 55 Evidence of the increased oxidative stress in PD includes elevated levels of MDA, lipids, and cholesterol hydroperoxide. 56, 57 MDA is the most cytotoxic aldehyde produced in the process of lipid peroxidation. It reflects oxidative damage to lipids and has been found to be significantly increased in the SN of PD patients compared with other brain regions and control tissue. 55, 58, 59 GSH is an essential ubiquitous thiol tripeptide. It is an antioxidant found in all animal cells. GSH exerts cell protection by reacting with free radicals and reducing superoxide radicals, hydroxyl radicals, and peroxynitrites. GSH has also been implicated in many biological processes, including DNA synthesis and repair, protein synthesis, cellular immunity, and enzymatic reaction. 52, 55 GSH reduction has been observed in the SN of PD patients and in the animal models of PD. 55, 60 In our study, rotenone was observed to induce aging-related SN MDA increase and GSH decrease in the rats. No significant changes in cerebellar MDA and GSH level were observed in the aging rats after rotenone administration. Based on the observations of MDA and GSH, we hypothesized that redox imbalance may be involved in aging-related rotenone-induced dopaminergic neurotoxicity. AK-7 could decrease the content of MDA and increase the content of GSH in the rotenone-treated aging rats. The role of recovering redox balance in AK-7's dopaminergic neuroprotection was further supported by the results from the primary mesencephalic cultures. Therefore, the recovering balance of redox in the tissue microenvironment may be one of the most likely mechanisms by which AK-7 exerted neuroprotection effects in the aging rats treated with rotenone.
Conclusion
In summary, our study helps to elucidate the mechanisms for the participation of aging in PD, and suggests that SN SIRT2 may be involved in PD neurodegeneration and that AK-7 may be neuroprotective in PD. Maintaining redox balance may be one of the mechanisms underlying neuroprotection by AK-7. Of course, we could not rule out the possibility of other factors involved in PD and aging-related neurodegeneration. Further studies, including immunostaining and cell death analysis, will bring advances to better understand the potential role of SIRT2 in aging process and PD, and to develop Drug Design, Development and Therapy 2015:9 submit your manuscript | www.dovepress.com
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Wang et al effective therapeutic strategies to slow the progression of aging and PD neurodegeneration. 29, 61, 62 
